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13e solid-state nuclear magnetic resonance at natural 
abundance was used to study isolated corneocyte 
envelopes from porcine stratum corneum. The pres-
ence of lipids covalently attached to the protein 
envelopes was detected by chemical shifts of methyl-
ene and methyl groups of the bound lipids. The 
corneocyte protein envelopes are rigid, as suggested 
by efficient 1 H to 13e cross polarization and 13e 
M ammal.ian ep idermal stratum corne um consists of thin , flat cells separated by hig hly ordered lipid lamellae. Each corneocyte consists of closely packed arrays of keratin fil aments inside a highly insoluble, cross-linked protein enve-
Lope. On th e exterior surface of the envelope , long-chain ceramides 
are ch emically bound to the prote in and interact with the intercel-
lular lipid lam ellae [1]. Extensive studies have shown that the 
protein en velopes are form ed largely from rod-shaped prote in 
m onom ers, but th e principles of assembly and the conformation o f 
the final stru cture are still quite unclear [2] . 
Numerous previous studies of the assembly o f the comeocyte 
envelop e h ave sh o wn that the constituent prote ins are highly 
cross-linked through the formation of N-E-()'- g lu tamyl)-l ysine 
isodipeptide bonds [2 ,3] and disulfide bo nds [4]. T he numbe r of 
isodipeptide cross-links ranges from o ne per 100 amino acid 
residues in bovine corneocyte envelopes [5] to one per 30 residues 
in hum an co rneocyte envelopes [6]. As a result, the insoluble 
polym er is not amenable to standard m ethods of in ves tigation of 
protein structure. Soluble protein precursors o f the comeocyte 
envelope have been shown to include involucru1 [7] and loricrin 
[8]. lnvo lucrin is a ro d-shaped mol ecule containing 20% g lutam ate 
and 250f<, g lutamine residues, making it an ideal substrate for 
attachment of the lipid sheath ceramides through ester bonds [9]. 
However , amino acid analysis fo llowed by mathe matic modeling 
has indicated tha t involucrin is a mu1or constituent and that loricrin 
constitutes 65%, to 70'V., (w/w) in human and 80% toSS% in mouse 
corneocyte envelo pes [1 0] . N evertheless, x-ray dif!Taction studi es 
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spin-lattice relaxation studies. The chemical shift of 
the carbonyl carbons of the protein envelopes sup-
ports the prediction that the chemically bound lipid 
envelope is attached to proteins arranged predomi-
nantly in the /3-sheet conformation, allowing a dense 
palisade of ceramide molecules to form a water-
impermeable external sheath. Key IVOI'd: epidermis. 
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[11] h ave indica ted that a significant portion of th e com eocyte 
enve lo pes consists of ,£3-sheets, as required for pro per attachment of 
the l.ipid sh ea th. 
ln the presen t study , we used 13C solid-state nuclear m agn e tic 
resonan ce (NMR) spectroscopy to uwestiga te corn eocyte protein 
enve lopes iso lated from po rcin e stratum corneum . T hi s technique 
has been shown to be well suited for studying the stru cture and 
dynamics of biologic ti ssues, including keratin inte rmediate fila-
ments [12] and collagen [13 ,14]. ln 13C NMR spectra acquired in 
the absence of sa mple spinning and high-power proton decoupling, 
sharp carbo n yl reson ances were obse1·ved fo r amino acid res idues 
located in the end domains of keratin [1 2]. C arbon yl resonances for 
residues in the coil ed-coil rod domains were too broad to b e 
observed. T lus led M ack ct a/ [1 2] to conclude that the amino- and 
carboxyl-e nd domains of keratin unde rgo fast , isotropic motions, 
whereas its rod domain is rigid . Sarkar el a/ have shown through 
measurem ent of carbon yl 13C NMR lineshapes [13] and relaxation 
studies [1 4] that cross-lin king and mineralization res tric t molecular 
motions occurring in the collagen peptide backbone. 
.In this repo rt, we demonstrate that corneocyte protein envelopes 
are quite immo bile, as i.ndica ted by the need for magic- angle 
spuming (MAS) for sp ectral resolution and by efl:l cient 1 H to 13C 
cross polariza tion (CP). We also show liom analyses of 13C 
chemical shifts that lipids are covalentl y attached to the proteu1 
envelopes and that the prote in s composing the protein envelope are 
arranged predomin antly in the ,£3-shee t conformation . Dynamics of 
the envelopes were probed further by 13 C spin-lattice relaxation-
time (T 1) m easurem en ts at 293 and 333 K. The C 1 and C u carbons 
of the proteins within the envelope are in the slow-motional regim e 
o f the T 1 1111111mum. 
MATERJALS AND METHODS 
Isolation of Stratum Corneum Pig epidermis was scraped from freshly 
killed 50-pound pigs after shav ing and brief app lication of a hot (65°C) 
aluminum block [1 5]. St ratum corneum was separated by soaking the 
epidermal sheets in 2°/., trypsin overnight at room temperature. The stranm1 
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corneum was then washed three times with doubly distilled water and 
stored at 4°C in a so lu tion of 2 mM NaN, . 
Isolation of Corneocyte Envelopes As described previously [1 6), 
stratum corneum was treated with a so lution conta ining 8 mM N,N-
dimethyldodccylamine oxide, 2 mM sodium dodecylsulfatc, and 2 mM 
NaN, . T he mixture was then heated overnight in an oven at 45 °C. Visual 
inspection revealed that the tis sues had disintegrated. This allowed removal 
of hair and small pieces of dermis by filtration through fine polyester mesh. 
The filtrate was centrifuged and the supernatant was disca rded. Fresh 
detergent solution was added to the pellet. and the mixture was again 
heated at 45°C overnight. The sequence of centrifugation, filtration, 
addit ion of fresh detergent to the residue. and overnight heating at 45°C 
was repeated until the supernatant obta ined by centrifugation was clear. The 
en velo pes were then washed severa l times with doubly disti lled water and 
three times with redistilled acetone . 
To extract any remaining unbound li pids, we subjected the enve lopes to 
a seri es of ch loroform-methano l extractions ll 7]. In some preparations, the 
envelopes were additiona ll y treated with a so lution of 8 M urea, 50 mM 
tris(hydroxymethyl)aminomethane (Tris), 1 mM ethylened iaminetctraace-
tic acid (EDTA). and 1 mM dithiothreitol (DTT) at 45°C for 2 h to extract 
any ren1aining free protci.n. Absorbance of the extract in the regio n around 
280 nm suggested that the urea so lution extracted a substantial amount of 
protein from the envelopes. Ex tractions w ith 8 M urea, 50 mM Tris, 1 mM 
EDTA, and 1 mM DTT were therefore continued for severa l days until the 
absorbance of the ex tracts at 280 nm was no longer signifi cant. T he 
e nve lopes were then washed three times with doubly distilled water and 
lyophilized. A series of chlo roform-methano l extractions was again pcr-
fom1ed to remove any remaining unbound lipids. The envelope preparation 
was characterized by am ino acid ana lys is. and the presence of so luble 
proteins was assessed by sodium dodecylsulfate-polyacrylamide ge l electro-
phoresis. 
To remove the lipids that arc chemica ll y attached to the envelope protein, 
the envelope prepa ra tion was subjected to a mild alkal.ine hydrolysis using 
1 N KOH in 95% methanol [1]. Afte r heating at 45°C for 30 min , the 
envelopes were washed with methano l and then subjected to a series of 
c hlo roform-methano l extractions, as described previously (1 7]. 
NMR Spectroscopy All solid-state NMR spectra reported in this study 
were acquired on a Brukcr MSL-300 instrument (7.05 T. corresponding to 
a resonance frequency of 75.5 MHz fo r "C) . Single-pulse 13C excitation 
(Bloch decay) (relaxation delay = 1 00 seconds) and 1 H to 13C CP 
(relaxation delay = 3 seconds) were used to obtain spectra presented in this 
report. Both non-spinning and MAS (4-4.5 kHz) spectra were acq uired. 
T he 1 H and 13C 90° pulse widths ranged fi·om 4.5 to 6 microseconds. T he 
optimum contact time for C P was determined to be 1 milli second. CP 
spectra with interrupted decoupling (dephas ing time = 50 microseconds) 
were also recorded to distinguish resonances due to methyl and quaternary 
carbons fro m those ofmethine and methylene ca rbons (1 8] . Resonances due 
to methyl and quaternary carbons survive interrupted decoupling. whereas 
those due to methine and methylene carbons arc greatly attenuated. 
C hemica l shifts were referenced with respect to the methyl resonance (0 
ppm) of 2,2-dimethyl-2-silapentane sulfonate . 13C spin-lattice relaxation 
times at 293 and 333 K were determined using the T , C P experiment [1 9). 
Peak intensities were measured at various relaxation delay times ('T = 4 
m.illiseconds to IS seconds), and the spin-lattice relaxation times were 
determined by fitting the experimental peak intensities to the equation Y = 
A exp ( - 'T/T 1) . 
RESULTS AND DISCUSSION 
Insig ht into the stru cture and dynamics of p orcine com eocyte 
p rotein e nvelopes was provided by a series of solid-state 13C N MR 
spectra, shown in Fig 1. All spectra shown in this f1gure were 
acquire d with the sa m e number of acq uisitio n s and with high-
power proton decoupling to eliminate line broadening due to 
13C - 1 H dipolar interactions . Figure 1a presents a sp ectrum ob-
tained by single 90° 13 C pulses (Bloch decay) with 100-second 
delay between scan s on a non-spinning sample. The long d elay 
between scans is re quired b eca u se of the long spi.n-lattice relax ation 
times of the C 1 and C"' carbons (see below). The spectral broad-
ening observed in Fig 1a is due to c h e mica l shift anisotrophy (CSA) 
of the 13 C nuclea r sites [20] . The CSA of aliphatic carbons is in the 
ran ge of20-60 ppm and is mu ch smaller than those of carbonyl and 
aromatic carbons, which are in the range of 150-200 ppm [21 ). 
T hus, the aliphatic carbons are more readily observed in Fig 1a 
than are the carbo nyl ;111d aromatic carbons. T he sp ectrum pre -
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Figure 1. Corneocyte protein envelopes arc rigid, as suggested by 
the need for MAS for resolution and efficient 1H to "C CP. (n) Bloch 
decay spectrum acquired i.n the absence of sample spinning. (I!) Bloch decay 
spectrum acquired with MAS. (c) CPMAS spectrum. Al l spectra were 
acquired with 1600 scans. *Spinning sidebands. 
sented in Fig 1a suggests that molecular motions occurring in the 
corn eocyte protein e nvelopes are anisotropic aJ1d slow on the 
NMR time scale to average the CSA completely and eliminate its 
contribution to th e Line broad ening . By rapidly spimung the sample 
about an a"-"LS that m akes an angle of 54.7° (the magic an g le) with 
the magnetic field, the lin e broad e ning due to CSA is e liminated 
[22) . 
Figure 1b shows a Bloc h decay spectrum of the comeocyte 
protein e nve lopes acquired with MAS. T he resolution is signifi-
cantly enhanced and in partic ular, a narrow isotropic signal at 172 
ppm is observed for the carbonyl carbons. However, beca use of the 
long d elay betwee n scans, a long experimental time is require d to 
obtain a Bloch decay spectrum of reasonable signal-to-noise ratio. 
When MAS is combined with CP and high-power proton decou-
pling (CPMAS experime nt) , the sensitivity can b e significantly 
improved [23]. In tl1e CP technique, magnetization is traJ1sferred 
from the abundant 'H nucle i to the dilute 13 C spins. This requires 
the presence of static 1 H-"C dipolar co upling, as may b e fou.nd in 
immobilized molecules . The delay between scan s is greatly reduced 
as a result of the much shorter spin-lattice re laxation times of 
protons . 
Figure lc shows a CPMAS spectrum of the corneocyte prote in 
e nve lopes with a 3-second d e lay b etween scans. The sensitivity of 
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F ig u re 2. CPMAS spectra o f co r n cocytc protein envelopes a r c 
sensitive t o sample preparation and, when compared w i th those of 
keratin intcnncdiatc fil amen ts, p rovide ins ig h t into the sec ondary 
stru ctu re of cornco cytc envelop es . Carbo nyl regions o f the C PMAS 
spectra (a) prote in en velopes befo re treatm ent w ith 8 M urea, 50 mM T ri s, 
1 mM EDTA, and ·1 rnM OTT; (b) keratin ; (c) prote in envelopes after 
treatment with 8 M urea, 50 mM T ri s, 1 mM EDTA, and .1 mM OTT; and 
(d) dclipid izcd p rote in enve lopes. 
the CPM AS spectru m of the corneocyte protein en velopes is 
significan tly greater than that of the Bloch decay sp ectrum shown in 
Fig 1 b. T hi s o bservation suggests tha t the comeocyte protein 
envelopes cross po larize efficien tly. T he resul ts presen ted in F i g 1 
su ggest that com eocyte protein envelopes do no t possess high 
m o bility . In contrast to w ha t was o bser ved for keratin in te rmedi ate 
fi lam ents [1.2] , all segm ents of the proteins m akin g up the prote in 
en velope app ear to be rigi d . T his is consisten t with the highly 
cross-lin ked n ature of the com eocyte protein en velopes. 
CPMAS spectra of th e com eocyte protein en ve lopes were qui te 
sen sitive to sam ple preparation. In particul ar, the carbonyl regions 
of CPM AS sp ectra allowed eva lua ti on of the puri ty of th e enve-
lopes. A m ajo r source of lin e broa denin g of 13 C t·esonances in the 
so lid state is confo rmation al heterogeneity [24]. F igure 2a shows 
an expa nsion of the carbonyl region of the C PM AS spectrum o f the 
en velopes th at w ere n ot ex trac ted with 8 M urea, 50 mM Tris, 1 
a 
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F ig ure 3. Lipids a rc covalently a tta che d t o corncocytc protein 
e nvelope s. Spectra acqui red before (a, b) and after (r,d) alkaline hydro lysis, 
including CPMAS spectra (a,c) and C PM AS with in te rrup ted dccoupling 
(/1,d) . *Denotes spinning sidebands. 
mM EDTA, and 1 mM DTT. It is poss ible that the shoulde~ at 
approxima te ly 175 ppm o bserved in Fig 2a is due to ke ratin, w hich 
had a carbonyl resonance cente red at 175 ppm (Fig 2b). Figure 2c 
show s the carb onyl region of th e C PMAS spectrum o btain ed after 
rigoro us extrac tion of the protein en velo pes w ith 8 M urea, 50 mM 
T ris, 1 mM E DTA, and 1 mM D TT to rem ove ke ratin [25] th at 
may ha ve escaped extractio n w ith the de te rgent mixture. T h e 
sho ulder at 1.75 pp m disappeared , and a m o re symme tdc and 
narrower peak at 172 ppm w as o bserved . T he purity o f th e 
en velope prepara tion w as assessed by SDS-PAGE. No bands we~e 
o bserved tha t could be ascribed to k e ratin , fil aggrin, o r o ther 
solubl e pro te ins. A min o acid anal ys.is o f the co rn eocyte protein 
en velopes indicated hi gh g lycine (29%) , serine (16%) , proline 
(1 4%), and glutamic and g lu tamin e (lO'X>) contents. 
To identi fy p oss ibl e resonances due to the cova le ntl y attach ed 
li p ids, we perfo rmed a mild alkaline hydro lysis of the envelopes, 
w hich has been shown to re lease th e covalently b o und lipids [1]. 
Figure 3a and 3b sho w C PMAS and in terrupted decoupling 
spectra, respective ly, o f the pure protein envelopes before hydro-
lys is. F ig ure 3 c and 3d present analogou s spectra o f the envelopes 
afte r hydro lys is and chlo roform-methanol extrac tio n o f the re leased 
lipids. T he sharp resonances at 14 and 32 ppm o bserved in Fig 3a 
are absen t fro m F ig 3c. T he inte rrup ted decoupling spectrum of th e 
en velo pes be fo re hydrol ysis (Fig 3/J) shows that th e 14-ppm peak 
survived 50 microseconds o f inte rrup ted decouplin g, whereas the 
peak at 32 ppm w as g rea tl y attenuated. T he peaks a t 14 and 32 ppm 
were n o lon ger o bserved in the in terrupted decouplin g spectrum 
o btained afte r h ydro lys is (Fig 3d). Based o n these o b servation s, the 
peaks at 14 and 32 ppm were a ttribu ted to the attached lipids. 
CPM AS spectra of the ex trac ted lipids w ere also o bta ined (da ta not 
shown) , and reson ances at 14 and 32 ppm were also observed . T he 
14- and 32-ppm peaks arc assigned to w-C H 3 and (CH 2 ).,, respec-
tive ly [26] . O ther resonances o f the lipids o verlapped with som e of 
the resonan ces of the protein envelopes and w ere no t resolved in 
F ig 3a. o r 3/J. 
Peaks in th e aromatic region o f th e in te rrupted decoupling 
spectrum show n in F ig 3/J arc du e to no nprotonated aro m atic 
carbons. Fro m chemica l shifts of po lycrysta iJinc aro m atic amino 
ac ids [27] , i t is possible to assign those pea ks. T he peak o bserved at 
156 ppm is assigned to C { of Tyr. T he resonance observed at 136 
ppm is ass igned to C " ofl-Iis and Phe. T he pea k seen at 128 ppm is 
assigned to C " of Tyr. R esonan ces betw een 35 and 65 ppm in Fig 
3a are not observed in Fig 3/J. T his indica tes that those peaks are 
due m ainly to m ethine and m ethylene carbo ns. T he broad reso-
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Table I. Experimental Spin-Lattice Relaxation Times" 
for the C, and C,. Ca.rbons in Corneocyte Protein 
Envelopes 
Peak (ppm) 293 K 333 K 
172 29 27 
55 18 16 
43 13 '10 
" In seconds and with uncertainty of ± I 0%. 
nance centered at 55 ppm is assigned to the C c, carbons of amino 
acid residues except glycine [28] . The peak at 43 ppm is due to the 
C " resonance of glycine [28) . 
Insight into the secondary structure of the corn eocyte envelope 
proteins may b e o btain ed from the chemica l shifts of the peptide 
backbone ca rbonyls. Wishart and Sykes [28] have compiled C 1 
chem.ical shift values categorized accordin g to secondary structural 
assignment. C 1 chemi ca l shifts ranged fi·om 175.1 (Cys) to 180. 2 
(Trp) ppm for residues in a-helices, 171.9 (GJ y) to 176.1 (M e t) 
ppm for residues in /3-sheets, and 173 .6 (Gly) to 177.6 (Ala) ppm 
for residues in random coi L The carbonyl resonance of the protein 
envelopes was centered at 172 ppm (Fig 2 c,tf). For comparison, a 
CPMAS spectrum o f keratin isolated fi·om porcine stranm1 co r-
neum was also acquired (Fig 2/1). Most of the carbon yl sign al in Fig 
2b is downfi e ld of 172 ppm. Beca use Ma ck ef nl (12] have shown 
that the end domains ofkeratin are highly mobile, to the extent that 
the 13 C- 1 H dipolar co upling (which is n ecessary for C P) is averaged 
out to zero, C PMAS spectra of keratin will favor signa ls from its 
rigid rod domain . The rod domain of keratin is known to contain a 
high proportion of a-heLices (approximately 90°/.,) (P.M. Steinert, 
personal communication), and the ca rbon yl region of tbc CPMAS 
spectrum of keratin is consistent with this hypothesis. T he ca rbon yl 
regions of CPMAS spectra of corneocyte envelopes indicate that 
the envelopes contain little or no cr.-he lica l domain s. Furthermore, 
the carbonyl resonance centered at 172 ppm suggests that the 
e nvelope prote ins exist mainly as /3-pl cated sheets. This hypothesis 
is specu lative but is in agreement with the conclusi ons of White e1 
al [11], who used x- ray diffraction to study corncocyte protein 
e nvelopes. 
Molccttlar dynamics of the protein envelopes were probed 
further by 13C spin-lattice re laxation tim e (T 1) studies at 293 and 
333 K. At both temperatures, the intensities of the peaks at 172, 55, 
and 43 ppm decreased at a slowe r rate than the intensities of the 
resonances between 10 and 35 ppm. The resonan ces at 172, 55 , and 
43 ppm are due to the C 1 and C u ca rbons of the ba ckbones of the 
proteins making up the protein enve lopes (see above) . Table I 
shows th e temperature dependence of the spin-lattice re laxation 
times of the C 1 and C " c;1rbons. The relaxation times decreased 
with an in crease in temperature, which indicates that the c , and c" 
carbons arc in the slow-motiona l regime of the T 1 minimum [29]. 
In genera l, the require ment for spin-lattice re laxation is random 
magnetic fields flu ctuating at the resonance fi·cq ucncy of the uc 
nuclei (75.5 MHz) . For prote ins in the solid state, these local fields 
are modulated by intemal motions [30) . Thus, the long spin-lattice 
re laxation times of the C 1 and C, ca rbons are due to slow, inte rnal 
motions occurring in the prote ins within the corneocyte envelope. 
These slow motions result in weak flu ctuating fields and co nse-
quently, slow relaxation. Scmilog plots of the peak intensities at 
172, 55, and 43 ppm versus delay times used in the T 1 CP 
expet·imcnt showed ex ponential decays of the magnetizations . This 
suggests tha t the T 1 rela xation behavi or of the C 1 and C" ca rbons 
can each be dcsc1·ibed by a single effective correlation tim e (30]. 
Furthermore, this may indicate the absence of dynamic heteroge-
neity in tl1e prote in backbones, which may be a result of the highly 
cross-linked nature of the corncocyte protein envelopes . 
ln conclusion , 13 C CPMAS NMR spectra of corneocyte prote in 
envelopes confirm the presence of lipids cova lently attached to the 
protein en ve lopes and support the proposal that the envelope 
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Figure 4. Lipid molecules arc attached to glutamate side chains 
exposed on one side of a protein existing in the /3-shect con.forma-
tion . 
proteins contain li ttle or n o a -helices and exist m ainly as /3- shccts . 
T hese conclusio ns arc in general agreement with th e mode l that has 
been proposed for the compound lipid / protein envelope of the 
com eocytc (Fig 4) [1 , 9, 15]. T he 13 C T 1 study suggests that tl1e 
carbons in the backbon es of the proteins constituting the protein 
envelope arc in the slow-motion al regime of the T, minimum and 
ex hibit exponential relaxation behavior. The dynamics of the 
corneocyte en velopes also indicate that the predominant envelope 
protein , lorict·in , which is posnt!atcd to consist largely of flexible 
loops (6], must nevertheless also be tightly constrained by chemical 
c ross-linking . 
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